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ABSTRACT
Rehabilitation aims to ameliorate decits in motor control via in-
tensive practice with the aected limb. Current strategies, such as
one-on-one therapy done in rehabilitation centers, have limitations
such as treatment frequency and intensity, cost and requirement of
mobility. Thus, a promising strategy is home-based therapy that
includes task specic exercises. However, traditional rehabilita-
tion tasks may frustrate the patient due to their repetitive nature
and may result in lack of motivation and poor rehabilitation. In
this article, we propose the design and verication of an eective
upper extremity rehabilitation game with a tangible robotic plat-
form named Cellulo as a novel solution to these issues. We rst
describe the process of determining the design rationales to tune
speed, accuracy and challenge. Then we detail our iterative partici-
patory design process and test sessions conducted with the help of
stroke, brachial plexus and cerebral palsy patients (18 in total) and
7 therapists in 4 dierent therapy centers. We present the initial
quantitative results, which support several aspects of our design
rationales and conclude with our future study plans.
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1 INTRODUCTION
Upper arm rehabilitation mainly focuses on relearning of lost or
weakened functional movements that are crucial for daily life activ-
ities. Eective recovery process includes large volumes of repetitive
exercises that induce neural plasticity. This plasticity is mediated
via various mechanisms, e.g. anatomical or synaptic plasticity or
adaptation to cortical circuitry or brain networks [24], which allows
the neurons to respond and compensate for injury and disease [22].
Several studies have found that this intensive therapy in both acute
and chronic phases improves motor function in patients [12, 55, 58].
Therefore, the process takes time and after some progress in initial
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by integrating entertainment elements in the training tasks. Al-
though most rehabilitation technologies have a common feature of
providing motor practice in a compliant way, the type of technol-
ogy used is diverse. This ranges from robotic arm based systems
[30, 50, 54] to tangible objects [56, 57] and commercial o-the-shelf
game consoles [5, 16]. Below, we provide a brief overview of these
technologies.
Robot-assisted rehabilitation. Robot assisted rehabilitation can
provide both accurate motion tracking and high volumes of repet-
itive movement training [28, 41]. Additionally they can provide
solutions for severely impaired patients in both acute and chronic
phases [14, 18, 30, 32, 35, 38]. The main strength of such systems is
that it removes the need for a present therapist which can increase
the accessibility to the therapy. However, the systems should be
cost eective to be widely implemented [57]. In therapy use many
therapists may stop using these devices, if set-up takes more than 5
minutes. Therefore, newly developed devices for physical training
should be intuitive, easy and fast to set-up [15, 37].
Commercial virtual reality devices and video game consoles. Vir-
tual reality combined with upper arm rehabilitation has promising
results [10, 11, 23, 34, 45]. Advances in the commercial gaming
device technology have led to a convergence of upper limb rehabil-
itation and commercial o-the-shelf video game consoles [2, 8, 41].
Systems such as the Nintendo Wii and Playstation II EyeToy de-
liver low cost virtual reality and report signicant improvements in
functional recovery of the participants [5, 13, 16, 25, 44, 46, 47, 60].
Player interaction in a virtual environment is typically achieved by
video capture, motion sensors, or a combination of both [41]. Mo-
tion tracking is mostly based on motion sensors such as Kinect and
Wii Remote where the skeleton detection is fast. However, the use
of these devices is often discussed to present an additional risk of
seizures in the stroke population [29, 49]. Nintendo has suggested
that the risk of a seizure in healthy populations is 1 in 4000 [39, 41].
Thomson et al. made a survey study with 112 therapists: Gaming
was reported to be enjoyable but therapists described barriers re-
lated to time, space and cost; half of the therapists (51%) reported
at least one adverse event, such as fatigue, stiness or pain [51].
Kumar et al. evaluated the usability of three lower-cost virtual real-
ity rehabilitation games where P5 Glove and Kinect were used to
record the movements [33]. People with stroke were found to desire
motivating and easy-to-use games with clinical insights and en-
couragement from therapists. The results revealed the expectations
of stroke survivors for games: the games should be improved by
obtaining evidence for clinical eectiveness, including clinical feed-
back regarding improving functional abilities, adapting the games
to the user’s changing functional ability, and improving usability
of the motion-tracking devices. It is claimed that lack of familiarity
and steep learning curve of such devices may reduce the training
eciency among elderly users [1, 21].
Tangible interfaces. Recent researches explore tangible objects
to provide motivating technology supported training systems in a
residential environments by aiming accessible and aordable setups
[7, 56]. Wang et al. proposed a tangible gaming board with 64 RGB
LED rotary encoders and initial results showed the acceptance
of the system by stroke survivors [57]. Direct contact via touch
interfaces is proposed to provide lower cognitive loads and a more
suitable and intuitive alternative, especially for aging users [20].
Our proposal: Gamified rehabilitation with tangible robots. In
our approach we aim to provide an intuitive, easy to use and easy
to set up rehabilitation system and use tangible robots both as
game agents and objects to be moved. The robot platform con-
sists of low-cost, small-sized tangible mobile robots that operate
on printed sheets of paper covered with a dot pattern that enables
self-localization of the robot. The robots are designed to be simple
to operate; all robots are connected wirelessly to a mobile device (a
tablet or smartphone) that runs the activity and game logic. Each
robot is capable of self-localization on the activity sheet; holonomic
motion; 6 capacitive touch buttons (independently back-illuminated
in full RGB) and wireless Bluetooth communication [42]. The plat-
form provides fast and accurate localization of many robots that
we can log in real time. The raw robot positions are also used, e.g.
for onboard closed-loop motion control (including haptic feedback)
and, on the external controller, for multi-robot formation control.
The activity itself is printed on paper sheets that can feature
desired graphical game elements dened as active zones. These
zones can be associated with specic robot behaviors to design
game logic (e.g. blue wall zones activates assistive haptic behavior
of the robot in Figure 2 and fruit zones represent target objects to be
collected in our game). An activity is the combination of the paper
elements, the robots with particular interaction modalities and the
tablet that runs the activity software. As such, the role of the robots
and paper depends on the design of each particular activity.
3 ITERATIVE DESIGN OF THE
REHABILITATION GAME
The ultimate goal of this work is to obtain a game that is successful
in motivating the patient throughout the rehabilitation process,
which includes many stakeholders in addition to the patients such
as neurologists, physiotherapists and occupational therapists. A
traditional design process, where requirements are be gathered from
all of these professionals as well as the patients and the nal system
is developed accordingly, would likely fail to achieve satisfactory
results as the spectrum of stakeholders is too broad and diverse.
Instead, we opted to follow an iterative design process where
various stakeholders were met with and the system tested in four
dierent therapy centers/hospitals in four dierent cities of two
dierent countries. Iteration 0, 1 and 2 consisted mainly of design
requirements meetings with and incremental software development
of the game. Iteration 3 consisted of pilot experiments with adults
and children where we tested our game for the rst time with real,
albeit healthy, users. Iterations 4 through 8 consist of experiments
with dierent therapists and patients with varying degrees of im-
pairment, and the implementation of improvements that resulted
from these experiences. Below, we explain each iteration in detail.
3.1 Iteration 0: Determining Design Rationales
with the Neurologists
In this initial iteration, design rationales of our game were deter-
mined with the input from neurologists. By considering the possible
cognitive deterioration that may accompany physical impairments,
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the game elements and rules dare expected to be simple to play
and easy to understand. According to the neurologists’ experiences,
the game should also include the features to change the level of
diculty according to the abilities of the patient besides simplicity.
Therefore, the challenge level of the game should be congured for
each patient with dierent levels of impairment.
3.2 Iteration 1: Basic Game Elements and Rules
for Simplicity
With the previously obtained design rationales, we began discussing
the nature of the game and its elements. We chose to implement
a game inspired by Pacman to make the system possibly easier
and more intuitive for the user to play with. The following game
elements were designed with the input from physiotherapists:
• The Pacman robot: Includes both passive and active be-
haviors and is manually moved by the user.
• TheGhost robot(s):Chase(s) the Pacman in an autonomous
way, the user does not manipulate them. The autonomous
behavior is implemented to be robust against kidnapping to
allow the therapist to move them to any other point on the
map during the therapy.
• The paper: Seen in Figure 2 it consists of a Pacman-themed
maze including walls, paths and fruits. Themap size (980x420
mm) is designed to be suitable to the possible range of mo-
tions of the user’s arm in sagittal and transverse planes while
sitting on a table. Other visual items were added to the map
to indicate the initial positioning of the Pacman and the
Ghost(s).
• Game start: A simple multi-robot behavior is designed to
initialize robot positions on the map in the beginning of the
game which can help user to eectively start the game from
the easiest position. When all robots reach their initial posi-
tions, Ghost(s) become(s) light-blue while Pacman becomes
yellow and the Ghost(s) start(s) chasing.
• Rule 1: The user moves the Pacman along the paths without
crashing into the walls and tries to collect 6 fruits on the
map by bringing Pacman on top of the each fruit.
• Rule 2: If Ghost(s) catch(es) the Pacman, all collected fruits
of the user are lost. We avoid using terms like death and
life to prevent possible negative eects on the psychological
status of the patients who are likely survivors of traumatic
events.
• Game end: The game ends when all fruits are collected.
3.3 Iteration 2: Game Elements for Diculty
Adaptation and Feedback
With an initial game implementation, we began discussing the ad-
justment of diculty for patients, which is challenging for those
with upper limb impairments since the range of physical and cogni-
tive deterioration is typicallywide. In order to provide this adaptabil-
ity, the main methods suggested by the neurologists were somehow
manipulating the speed and the accuracy of the patient’s motion.
To achieve this, the following game elements were added which
depends on some of the advantages of the robotic platform that
we are using, such as haptic feedback and easy multiplication of
programmable agents:
• Number of Ghosts: For a more challenging game the num-
ber of Ghosts chasing the Pacman can be changed. We hy-
pothesize that increasing the number of Ghosts can increase
the velocity of the user.
• Speed of the Ghost(s): The speed of the chasing Ghost(s)
can be tuned to hypothetically increase or decrease the ve-
locity of the user.
• Adaptive Ghost speed: During the game the Ghost speed
can change dynamically, which adapts to the user’s speed to
make the game more challenging.
• Crash penalty: To force the user to be more accurate, crash-
ing into the walls can be penalized by taking back the last
collected fruit.
• Haptic disturbance: In order to increase the eort and at-
tention of the patient, the neurologists hypothesized that
patterned and random resistive control strategies can be
used by applying haptic disturbance through the grasped
Pacman. Several optional haptic features were thus imple-
mented to investigate the eect of disturbative feedback on
motor learning in future studies. Without haptic, the robot
is like moving a mouse on the paper (robot is backdrivable).
With haptic, the robot can apply up to 1N force which is not
enough to make user to do a motion involuntarily. If the user
is passive and can not move his/her hand, he/she just puts
force on the robot and the robot can not move. In this case
the therapist assists patients to play. The haptic features are
direction based vibrations and was taken as positive feature
to increase perception of the motion by therapists, who did
not anticipate any harmful movements.
• Assistive haptic stimulation: An assistive haptic stimula-
tion control strategy was implemented to inform and assist
the user when he/she crashes into a wall: Pacman does not
intervene as long as the patient stays in between the walls;
however, if the patient moves towards the walls the Pacman
produces a restoring haptic force perpendicular to the wall.
The intensity of the force is proportional to the deviation
from the desired path. Some margin of deviation is tolerated
before the restoring haptic force is provided.
• Game conguration for therapists:A conguration page
was added to pre-game for therapists to decide diculty level
of the game by tuning all aforementioned features and game
elements. This allows each therapist to congure the game
from the tablet according to the type and state of the upper
arm disability of the patient.
3.4 Iteration 3: Mapping Rehabilitation
Exercises to Game Activity Pool
The crucial feature of a rehabilitation game is including the ap-
propriate exercise motions. Naturally, since the base platform in
our games is composed of tabletop robots, we focus on upper limb
activities where the tangible robots serve as end-eectors for the
patients’ upper limbs. Although the robots perform movements in
one plane (on the paper), joints of the limb holding the robot may
still move in a three-dimensional space. Since the map is designed
according to the possible range of motion of the human, following
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Figure 7: Example game scenes of the patients assisted by
their therapists.
Figure 8: Tangibility and kidnap robustness allow the thera-
pist to intervene easily.
Figure 9: Grasping aids assisting patient to hold the robot.
3.7 Iteration 6: 5 Stroke Patients, 2 Brachial
Plexus Patients and 3 Therapists in Istanbul
5 stroke patients with varying degree of impairment played the
game to test the usability and playability in a rehabilitation center
located in Istanbul. 1 female patient and 1 male patient were able
to play the game without any help with changing diculty levels
for 30 minutes each. 3 male patients played the game with the
assistance of their therapists as seen Figure 7. 3 therapists tested
the game and the possible grasping aid design were also discussed
with them. Therapists also suggested to use the game with children
with brachial plexus. Afterwards, children with brachial plexus
tested the game.
Figure 10: Grasp and grip tools.
Feedback and Changes: The patients enjoyed the game and thera-
pists gave positive feedback about tangibility and kidnap robustness
of the game. Interventions by the therapist where he/she moved
the chasing Ghost(s) anywhere were frequently used (see Figure
8) to tangibly adjust the dynamic of the game. After these tests,
new grasping aids that can be attached on top of the robot were
designed. In order to allow for training of dierent grasps, dierent
knobs attachable to the robot were suggested. This modularity is
suggested to make the system adaptable to a specic condition or to
perform additional exercises like cylindrical grasp, spherical grasp
or disk grip. Designed grasping aids and attachments can be seen
in Figure 9 and 10.
3.8 Iteration 7: Occupational Therapy with
Grasping Aids in Geneva
Two occupational therapy sessions with conventional therapymeth-
ods were observed in Geneva. During the therapies, the game was
played by 1 male patient and 1 female patient with stroke, who
tested some of the handlers. Two grasping aids were observed to
help the female user to hold the robot during the game, and one
knob is found useful for the male patient, who was able to hold
robot without any other help.
3.9 Iteration 8: Stroke and Hemiplegia from
age 3 to 77 in Lausanne
This iteration featured more contribution from therapists who
wanted to discover the attitudes of smaller age groups towards
the game. Two 3 years old children with hemiplegia played the
game with the small map and even though they have attention
decits one played the game for 25 minutes the other played for
35 minutes, which was an exceedingly promising result for the
therapists. Naturally, a possible novelty eect should be taken into
account and further tests should be done. Additionally, therapists
wanted the children to move the robot with both arms to increase
coordination, which was a new motion type for our system. Finally,
even though both children understood the rule of escaping from
the Ghost, both preferred to catch the Ghosts which is a behavior
we should take into account in further design.
Another child (age 11) with stroke played the game for 45 min-
utes. After he mentioned his problem of opening bottles, the thera-
pist suggested to use the game with dierent attachments in rota-
tion enabled mode as a way of training for opening bottles in daily
life. The therapist mentioned at this point that they do not prefer to
use commercial o-the-shelf video game consoles with kids for the
reason that children tend to move their torso instead of moving the
arms in full range (which is not a desired motion in that therapy)
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since they are standing up. This anecdotal feedback hints at the
usefulness of tabletop systems.
Finally, our system was used with elderly stroke patients. 3 pa-
tients played the game independently and one patient played with
the help of her therapist. In this instance, the physiotherapist ex-
plicitly stated the reason of not frequently using other technologies
(e.g Kinect, robotic arms) as (1) The time to prepare the system and
(2) The diculty to intervene to the interaction during the game or
task. The fact that we set up our game in a regular therapy room
in a few minutes on a small table and did not need for the patient
to move to another room was acclaimed by this physiotherapist.
Additionally, during the game play the therapist appreciated that
she could intervene to the game and hold the patient’s hand when-
ever she wanted to correct the motion, and stated that this joint
tangibility provides a better way of conveying the therapy.
4 RESULTS
During the iteration process mostly the therapists or the patient
determined the conguration of the game according to the abilities
of the user. We logged the motion and game data of the patients
then analyzed the data to see the relationship between designed
game elements and performance of the user.
In data processingwe only used data of the users that can play the
game independently during the above mentioned iterative phases
(54 trials of 11 participants) to see the eect of game elements
to only patients’ performances. We excluded the data of patients
played with the assistance of the therapists. Following performance
and accuracy measures are decided to be used:
• Distance: Quantity of the motion (in mm) which is calculated
by the x and y position of Pacman robot logged in every
100ms.
• Time: Total time spent between the start and end of the game
(which means successfully collecting all the fruits).
• Mean velocity of the user: The mean of the speed of the user
calculated from the position.
• Deviance mean: The mean of the amount of deviance from
the middle of the path measured in mm.
• Crash events: Total number of crashings into a wall during
the game.
These evaluation metrics are selected by the neurologists and ther-
apists. In design phase, we focused on possible game mechanics
(active agents, haptics, and challenges) that can be implemented
with any game using Cellulo platform. The metrics we used to eval-
uate performance were linked to game elements such as challenges
(wall crashing and turning), timing, quality and quantity of the
motion (deviance and total motion).
We conducted various one way ANOVA tests without assuming
equal variances across conditions, with the number of Ghost robots
(1 or 2) as the independent variable and the dierent performance
and accuracy measures as dependent variable and observed the
following:
(1) the distance travelled by the user against one active agent
(Ghost robot) is signicantly less than that the user against
two active agents (Ghost robots) (F[1, 21.76] = 6.18, p = .02,
on the left in Figure 11);
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Figure 11: Distance travelled by Pacman and time taken to
nish a game for the dierent number of Ghost robots. The
blue bars represent the 95% condence intervals.
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, for all the patients and for only
the stroke patients. The blue bars represent the 95% con-
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(2) the total time taken to nish the game against one Ghost
robot is signicantly less than that against two Ghost robots
(F[1, 15.72] = 5.91, p = .02, on the right in Figure 11);
(3) the deviance against one Ghost robot is signicantly less
than that against two Ghost robots (F[1, 16.68] = 5.45, p =
.03);
Next, we conducted the similar one way ANOVA tests using
the presence (or absence) of the assistive haptic stimulation as a
feedback mechanism when the user crashes a wall as an indepen-
dent variable, and we observed that the deviance with the assistive
haptic is marginally less than the deviance without the assistive
haptic (F[1, 46.57] = 3.26, p = .07, on the left in Figure 12). This
dierence is signicant for the stroke patients (F[1, 30.31] = 4.72, p
= .03, on the right in Figure 12).
Further, we observed a signicantly positive correlation (r(50)
= 0.35 , p = .01) between total distance travelled by Pacman and
speed of the Ghost robot(s). Also we observed another signicantly
positive correlation (r(50) = 0.63 , p < .0001) between the velocity
of the Pacman and speed of the Ghost robot(s).
Moreover, another one way ANOVA with the crash wall penalty
on (or o) as an independent variable showed that the deviance
from the path was signicantly less in when the wall crash penalty
was on as compared to the cases when the wall crash penalty was
o (F[1, 17.55] = 4.17, p = .05, Figure 13).
We did not see any order eect in between the trials. However,
we observed a tendency of increased velocity over time (See Figure
14) which might be a signal of learning which should be explored
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from the middle path density.
deeply in the future studies. Haptic disturbance was added to a
couple of trials and it was not enough to do a statistical test. But
when we compare the deviance values of trials with and without
haptic disturbance, the density curve is more skewed to left when
the haptic is on as seen in Figure 15. This may imply that when we
introduce the disturbance, accuracy of the motion increases. These
tendencies cannot yet be accepted as robust scientic evidence and
the eectiveness of haptic disturbance approach should be tested
in more controlled experiments with concerning the possible order
eect and the eect of other game elements.
In the light of these preliminary results, in therapy if the focus
is to have more repetitions, one can increase the number of agents
or increase the chasing speed of the agents which result in more
motion. If the focus is accurate functionality of the upper limb such
as precise motion along a path, one can use games that have haptic
assistive feedback, games with less active agents or games with
crash wall penalty rule. On the other hand if the focus is faster
motion of the limb, one can use games with agents having higher
chasing speed.
5 CONCLUSION AND FUTUREWORK
In this study we described our iterative design process, which is
involving the diverse stakeholder groups, for an upper extremity
rehabilitation game with a novel tangible robot platform. We tested
our design rationales and results showed that with our game el-
ements, such as assistive haptic stimulation, wall crash penalty
and increased number of ghosts, we are able to aect the accu-
racy of the user’s motion; whereas with increasing the number
of active robots in the game we can aect the time spent on the
game and the amount of the user’s motion. These results may help
us to understand the relationship between performance metrics
of the user and game elements such as number of active agents,
speed of active agents and haptic assistance that can be integrated
to any game. Understanding this relationship may assist us to de-
sign adaptive games with diculty adjustment for dierent users
who has dierent level of impairment and/or dierent therapy fo-
cus. Although the nal design is endorsed by the neurologists and
physiotherapists, in order to show the impact of the platform we
will conduct long term rehabilitation studies. We are planning to
nd out the learning eect through time and show the versatil-
ity of the game by focusing on rehabilitation of dierent health
problems such as hemiparesis, hemispatial neglect, attention decit
and poor visual discrimination. With this platform we also aim
to provide social rehabilitation as well as physical. Recent studies
found out that motivational properties of the game depends on
the personal preference for competition or cooperation of the pa-
tient [26, 40, 43]. Therefore, the game should include collaborative
two-player, competitive two-player and single player options in
the future. Integration of two player games into the system brings
with the need of performance-based adaptive control strategies. We
are aiming to monitor the performance of both the patient and the
second player then adapt various aspects of assistance according
to the performance of the users.
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